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Before proceeding to the presentation and discussion of the expen- 
mental data upon which this paper is based, it may be of interest to 
describe briefly the reasons which have led the writers to make the 
treatment as broad as the title indicates. 

As graduate students in C'ornell University, the writers had been 
associated in experimental hydraulics for a year and a half before 
the investigations to be described were begun. During that time 
they had experienced a number of surprises in an investigation on 
the efiect of curvature on the flow of water in pij^es,* and the 
necessity 9f refraining from jumping at conclusions, with little or no 
experimental evidence, had impressed them more and more as the 
work advanced. 

In 1900, Gardner S. Williams, M. Am. Soc. C. E., Engineer in 
Charge of the Hydraulic Laboratory of Cornell University, made 

Note.— These papers are ii>sued before the date set for presentation and discussion. 
Correspondence is invited tr om those who cannot be present at the meeting, and may 
be sent by mail to the Secretary. Discussion, either oral or written, will be published 
in a subsequent number of ProceecJKngs^ and. when finally closeti. the papers, with dis- 
cussion in full, will be published in Transactions. 

* Transactions, Am. Soc. C. E., Vol. XLVU. p. 295. 
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an investigation,* from which one of the most interesting conclu- 
sions drawn was that the power of the velocity, with which the loss 
of head in water pipes varies, is dependent on the diameter of the 
pipe, being about 1 for very small tubes and increasing to about 2 
for large pipes such as used ordinarily in the practice of the civil 
engineer. 

For pipes below J in. in diameter, the value seemed to drop 
rapidly, while for pii)e8 above that diameter the plotting showed a 
very gradual rise. However, the experimental results in the region 
where the most rapid change in the power seemed to occur were too 
few to give that feeling of entire confidence which is evident in the case 
of most of the commonly accepted laws of Nature. The desirability 
of further evidence was first pointed out to the writers by Professor 
Williams, and it is due to his interest in the matter, and to the true 
university spirit displayed by the College of Civil Engineering of 
Cornell University, that the writers were enabled to undertake experi- 
ments which, whatever their final aim became, had, as their primary 
object, the determination of the law governing the flow of water in 
small pipes. 

The writers entered upon the investigation with the feeliug that 
the small sizes of the pipes to be experimented upon would in no re- 
spect vitiate the results, from an engineering point of view. As will 
be shown later, the nature of the apparatus and the method of ex- 
perimentation were to be such as to secure a high degree of accuracy 
in all the measurements. The writers, in their studies on the eftect 
of curvature, had reached the conclusion that, in the manner of 
flow, there is practically no difference between a 2-in. and a 30-in. 
pipe. They expected, therefore, that much might be learned from 
the results of a comprehensive set of experiments on small pipes. 

In addition to whatever light might be thrown upon the general 

subject of the flow of water in pipes, as ordinarily understood, the 

writers saw here an excellent opportunity to pursue their studies on 

the effect of the temperature of the water upon the loss of head, and 

hence upon the discharging capacity of pipes. The accepted idea in 

this matter is that the effect is negligible in pipes of commercial size. 

The writers had been led to question this, from their work on a 2-in. 

pipe,t and they saw in the experiments to be described a means of 

* Journal of the Association of Engineering Societies, Vol. XXVI (Mar., 190t), p. 186. 
t Transactions. Am. Soc. C. E., Vol. XLVII, p. 818. 
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forming an idea concerning^ or even of predicting the effect in large 
pipes. 

Soon after beginning the experiments it was found that the power 
of the velocity, with which the loss of head varies, remains almost con- 
stant for the fifteen pipes of different sizes, but all of the same material 
(seamless-drawn brass) ; or, in the formula, 

where H is the loss of head and V t.he mean velocity of the water in 
the pipe, the value of n was found to remain nearly constant for all 
the pipes. This somewhat astonishing fact appeared at first to be 
irreconcilable with the results of the investigation by Professor 
Williams; but, fortunately, the writers' experiments covered a con- 
siderable range of velocities, and it was soon found that the group of 
experiments on small brass and glass pipes (by Jacobson), upon the 
indications of which Professor Williams, with considerable justifica- 
tion, had placed great confidence, were all made with velocities below 
the ** critical velocity,'* in which region the value of n is about 1. 
Hence the results were not comparable with results of experiments 
made under ordinary, or ** above critical velocity," flow. This phe- 
nomenon will be discussed more fully later. 

The fact that the value of the exponent of V was found to be 
almost constant for pipes ranging from ^^ in. to 2 ins. in diameter 
would have been sufficient of itself to warrant an investigation into 
the indications of reliable experiments on large, smooth pipes; for the 
smallest of these sizes bears the same relation to the largest as a 2-in. 
pipe bears to a 40-in. main (see Fig. 1, Plate XXXVII). If this were 
the only argument for entering on such a study, the writers feel that 
they would well deserve the flood of criticism which is ever threaten- 
ing those venturous persons who presume to affirm that the same laws 
of Nature control the flow of water in the smallest pipes in the labora- 
tory and in the largest supply mains running over hill and dale. In 
this paper it is aimed to present a few additional arguments which 
may serve to make such an affirmation appear a little less ridiculous 
than heretofore. 

After the experiments had progressed far enough, and several dif- 
ferent temperatures of water had been experimented upon for each of 
the pipes, it became evident that there is nothing to support the 
notion that the effect of temperature is negligible in large, smooth 
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pipes. In fact, the indications were found to point to such a consid- 
erable effect on pipes of large size that the limits of error which most 
hydraulic engineers would assign to the best formulas in use (all of 
which neglect temperature effect) are exceeded several times over, 
owing to the temperature factor alone. 

The results of the brass-pipe experiments showed such harmonious 
relations that the writers were led to undertake some experiments on 
pipes which were less ideal and more practical. For this purpose five 
galvanized-iron pipes, ranging from J in. to 1 in., commercial sizes, 
were chosen. While these experiments were conducted with the same 
care and precision as those on the brass pipes, and while each pipe by 
itself gave a consistent set of results, yet, between these results for 
the different pipes, there was a surprising lack of harmony, if it be 
assumed that all pipes were of the same degree of roughness. In 
short, the value of n, the exponent of F, in the formula H — m F", 
was found to vary so much for pipes nominally and apparently of the 
same kind that the writers saw here a consideration which might 
throw considerable light on the vagaries of the much-discussed, 
recorded pipe -experiments of modern and ancient times. 

It may be well at this point to give a few reasons why the formula 
H = m F** is used. In the first place, the very fact that in the Chezy 
formula, V = CV^s, or, in the familiar textbook formula, 

/ F^ 

the values of C and / are different for different velocities, shows that 
the power is something other than 2, if there is, indeed, any exponen- 
tial law which is applicable.* And the writers venture to gay that, 
up to the present time, there has not been evolved any theory which 
will assist in answering this question. 

To be sure, there seems to be a more or less firmly grounded notion 
among some hydraulicians that the laws of gravity decree that the 
hydraulic slope or the loss of head must vary as the square of the 
velocity. The fallacy of this has been shown very clearly by Professor 
I. P. Church, t Assoc. Am. Soc. C. E., who emphasizes the fact that 
the question concerns primarily the relation between the velocity and 
the resistances, or ** friction," and through this, as an entirely de- 

* See discussion by Alien Hazen, M. Am. Soc. C. E., in Journal of the Association of 
Engineering Societies, Vol. XXVI (1901), p. 168. 

t In Engineering Aetr«, Vol. XL VI. p. 382. 
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pendent matter, the relation between the velocity and the hydraulic 
slope. An illustration may make the point clearer. It is quite pos- 
sible, by the use of compressed air, to maintain a high velocity in a 
very long pipe laid on an absolutely level grade with just enough head 
of water at the entry to keep the pipe full. Now, it is at once ap- 
parent that the law of a falling body has nothing to do with the rela- 
tion existing between the pressure in the compressed-air chamber and 
the velocity of the water in the pipe. In fact, the force of gravity 
alone, in this case, would cause no flow at all. 

In the absence of any theory, the only thing to do is to study the 
indications of experiments of known accuracy. These should embrace 
a wide range of velocities and several different degrees of roughness. 
The records of many such experiments have been before the engineer 
for a number of years, as have been also the records of investigations 
dealing with the question of exponents other than 2 for the velocity, 
or other than J for the slope and the diameter (or the hydraulic 
radius). Unfortunately, the formulas with fractional exponents, which 
have been proposed from time to time, have been regarded generally 
as approximations, little, if any, closer to the truth than the standard 
Chezy formula, and far less easy to apply. In fact, some engineers 
have been led to question whether or not water flows in a pipe 
according to any definite determinable laws whatsoever. 

Now, the writers have investigated, by the method of logarithmic 
plotting of the observed losses of head with the corresponding veloci- 
ties, experiments in which the velocity ranges from a fraction of a 
foot per second up to 44 ft. per second. Their own experiments, 
almost 800 in number, and including twenty-three kinds of pipe and 
hose, cover a range of velocity from ro ft. per second to 22 ft. per 
second. In all these experiments, and especially in those of known 
accuracy in all measurements, the logarithmic plottings yield straight 
lines. The slopes of these lines differ considerably among themselves, 
or, in other words, the losses of head vary as various powers of the 
velocities,* but, whatever the slope of the line, each pipe appears to 
have a definite law, expressible in the form, 

H=m v. 
The values of m and n are constant for a given pipe in a given con- 
dition for all velocities. The ** coefficient of roughness" is entirely 

* Transactions^ Am. Soc. C. E., Vol. XLIX. p. 145. 
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provided for by them. These appear to be scientific facts, and the 
writers felt that they had no choice as regards the formula to be 
used. As has been stated already, there is no existing theory which 
is applicable; but the experimental evidence is quite conclusive. 

It must not be inferred, from what has been stated, that the 
writers are opposed to the Chezy and like formulas, or, on the other 
hand, that they uphold the forms with fractional exponents for 
practical uses; but, for purposes of investigation, it would be most 
irrational to start with a formula which is known to be only an 
approximation, especially when the exact formula is just as easy to 
treat. But, after such an investigation is completed, on the actual 
showings of the experiments, it will be easy and quite proper to look 
for approximate forms which may be more convenient for the engi- 
neer to use. On this point, however, more can be said, and to better 
purpose, after the presentation of the experimental evidence. 

Enough has been stated to indicate that the scope of the investi- 
gation, as planned originally, has been enlarged considerably, and 
for such reasons that the writers feel that the whole subject of the 
flow of water in pipes maybe considered open for a treatment in which 
the aim is to present the facts, in their relations to one another, in a 
thoroughly rational and comprehensive manner. It is the purpose, 
as far as possible, to make all plottings bird's-eye views of the whole 
subject, so that the experimental results may show at a glance the 
probable laws which too often have been obscured by misleading 
approximate formulas, and unfortunate attempts to make the results 
of the roughest kind «of measurements fit these formulas. In the 
general plotting, many results of such rough measurements have been 
included. In fact, the idea has been to consider all experiments which 
are on record in any recognized source of information. But it is 
believed that the method of plotting has reduced to the greatest 
possible extent the question of individual judgment, and has allowed 
each experimental result to have its merited influence in controlling 
the final conclusions. 

Description or Apparatus. 

The general plan of the pipe system experimented upon is shown 
in Fig. 1. The pipes were located in the basement of Lincoln Hall, 
the principal building of the College of Civil Engineering, Cornell 
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University. Tbe system was fed through the 5 and 2-ia, pipes. The 
former extended from an equalizing cylinder, which oonld be supplied 
either from a tank in the attic (the supply to which was controlled 
by a float-Talve) or directly from the campus mains.* The pressures 
in the cylinder, under static conditions, were approximately 20 and 
30 lbs. from the attic tank and the main, respectively. 

All elbows, tees and auxiliary pipes are of galvanized iron except 
the plain iron steam-pipe header from which extend Pipes VIII to XIII 
and a pipe feeding Pipes XIV, XFand XVI. AH piezometric fittings 
are of brass. Experimental Pipes II to XF/are of seamless-drawn 
brass, and Pipes XVIIio XXI are of ordinary commercial, galvanized- 
iron stock. The fittings on all the pipes except Pipe II\ are described 
herein. 

Piezometric Fittings. — The individual pipe lengths of Pipes /// to 
XF/are connected by piezometric couplings of special design. Each 
coupling is in two pieces which screw together in such a way that 
when the pipe is ready for experimentation tbe pressure is transmitted 
to an annular chamber through a . section of piezometeh no. uir 
continuous slit or break in the 
pipe riu in. wide. The details of 
the construction are shown in 
Fig. 2, and in Fig. 1 of Plate 
XXXVII. The lfttt«r ia from a 
photograph of piezometric coup- 
lings on Pipe ///aud Pipe XVI, 
and shows also the comparative 
sizes of these two pipes. The 
lathe work inside these coup- 
lings is practically perfect, while I*-- 
the differences between the in- 
side diameters of the pipe and 
the coupling where the faced end 
of the pipe screws up against a 
shoulder are generally not more 
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Fig. 1, TTaaxiction; Am. Soo. C. B., Vol. XLVn. 



MAY, 1903. 

8AF>H AND eCHODER 

ON FLOW OF WATEB IN PIPES. 







Papers.] FLOW OF WATER IN PIPES. 427 

than -nroo iii-> or the smallest amotint which can be measured accurately 
with the ordinary micrometer calipers (see Table No. 1). Before the 
couplings were turned, the ends of all the pipes had been measured and 
the pipes matched. All threads were lathe-cut. In general, the pipes, 
when set up, left nothing to be desired, as far as nearly ideal condi- 
tions are concerned. The writers feel that without the excellent 
machine- work done by Mr. 0. D. Cass, Mechanician to the Hydraulic 
Laboratory, the value of the experimental accuracy would have been 
very small. They desire to acknowledge their indebtedness to Mr. 
Cass for his accurate and conscientious work. 

On account of the roughness of the galvanized pipes, as well as on 
account of the variable diameter, it was deemed best to avoid any form 
of joint at the point where the pressure was to be taken off. Accord- 
ingly, four J-in. holes, 90° apart, were drilled through the pipe walls 
3J ins. from the ends of each experimental length. For the two 
smallest pipes the holes were ^j- in. in diameter, and the distance 
from the ends was 2 J ins. The drill passed through both walls of the 
pipe at one setting. Thus, only two of the four holes had any burr 
inside. This was removed carefully with a rounded file. These holes 
in the finished piezometer fitting communicated to a chamber formed 
by a large tee slipped over the pipe and provided with a pair of brass 
bushings at each end. Between these bushings, and on the pipe, some 
candle wicking soaked with tallow was wound. When the smaller 
bushings were screwed up, the fitting was water-tight. A photograph 
of one of these fittings on Pipe XVIII (f-in. galvanized iron) is shown 
in Fig. 2, Plate XXXVII.* In order to avoid any error due to unequal 
diameters at the piezometers, all the experimental lengths were 
turned end for end, after the first set of experiments had been com- 
pleted, and a second series was run with the reversed arrangement. 
In this way, also, the effect of any slight differences in the conditions 
of the flow at the two piezometers was eliminated. The up-stream, or 
entry, length of pipe was connected to the experimental length by an 
ordinary coupling. The ends of the pipe, however, were faced, and 
the threads were cut so that a butt joint was secured, avoiding the 
disturbing effect of the usual coupling on wrought-iron pipe where 
the ends do not come together. 

* The air-chamber has a section like that shown on p. 17, Transactions^ Am. Soc. C. 
E., Vol. XLVU. 
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Measurements of Bicmieters. — From the ends of all the brass and gal- 
vanized-iron pipes there were cut sample rings from J to J in. long. 
Before cutting off the rings in the lathe, the ends of the pipe were 
faced, the tool being started on thie inside wall of the pipe, thus secur- 
ing a sharp, clearly defined edge, and avoiding entirely the burr which 
would result if the tool were started on the outside. 

Four diameters were measured on each ring. The rings from the 
brass pipes were placed on the bed of a dividing engine, and readings 
were taken as tjie inner edges appeared under the cross-hair of the 
microscope. The bed advanced 1 mm. for each turn of the screw, and 
one two-hundredth part of a turn could be read directly from a grad- 
uated disc on the screw. The rings from the galvanized pipes were 
measured with small micrometer beam-calipers reading to one-thou- 
sandth of an inch. 

The means of the four measured diameters on each ring, corre- 
sponding to the mean diameters of the ends of the brass pipes, are 
given in Table No. 1. The numbers refer to the position of the indi- 
vidual pipe lengths in the experimental arrangement, the lengths be- 
ing numbered consecutively, beginning at the up-stream end. In a 
number of cases a single piece of pipe was cut into two or three 
lengths. Hence the question as to the uniformity of diameter can be 
answered by direct evidence. The following list shows what lengths 
were cut from the single factory lengths. 

///. — No. 7 was cut from No. 6 
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If a pipe was cut into three pieces, the shortest piece was cut off 
first. All pieces were cut from the unmarked end of the factory length. 
The unmarked end of the original pipe became the unmarked end of 
the first piece cut off. Hence, the marked end of a short pipe cut 
from a factory length represents a section in the middle of the latter. 



TABLE No. 2. — Dimensions or Galvanized Pipes. 





Length, 

in 

feet. 


Diameters, in Inches. 




-3 

a 

S 
o 


• 

1 

■♦3 

m 


Bt Caltpebs. 


Water-filling 
method. 




No. of pipe. 


Marked 
end. 


Unmarked 
end. 


Accepted 
diameter. 


XVII 


18.751 
17.496 


l-in. 
l-in. 
i-in. 
a-in. 
i-in. 


1.048 
0.824 
0.628 
0.494 
0.364 


j 1.046 
1 1.050* 

j 0.789 
\ 0.850 

( 0.627 
1 0.631* 

j 0.493 
1 0.489 

3 0.363 


1.037 
1.044 

0.799 
0.850 

0.628 
0.631 

0.502 


1.031 
1.037 

0.815 
0.849 

0.627 
0.622 


1.086 


XVIII 


1.042t 
0.805 


XIX 


18.119 


0.850t 
0.627 




17.032 
10.064 


0.626t 
0.498 


XX 


0.482 
S45 




0.486^ 

0.354 
0.850t 


X^ ^T'T 


• •••••%••• 


XXI 


1 0.355* 6.345 








• • • 



Note.— The lengths given in the table are for the experimental sections. For other 
lengths see Fie. 1. 

* The marked ends are also the up-stream ends in the first or unreversed arrange- 
raent^xcept where an asterisk denotes the opposite. 

t The experimental section. 
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In Table No. 2 are given the mean diameters of the galvanized 
pipes. In addition to the end caliperings, Pipes XVII, XVIII and 
X/Z" were measured by the water-filling method, special precautions 
being taken to avoid the adhesion of air to the walls of the pipe. The 
pipe was held vertically, and a stiff wire with a piece of cloth tied to 
the lower end was inserted until the cloth was near the bottom of the 
pipe. The pipe was then filled, and the wire was drawn up with a rotary 
motion. The pipe was finally filled flush, and the contained water was 
caught and weighed to the nearest too lb. Each pipe length was filled 
three times. Allowance was made for the small quantity of water 
which remained adhering to the inside walls of the pipe, a determina- 
tion having been made. 

Measurements of Lengths. — All lengths were measured with an accu- 
rate steel tape, and were checked by independent measurements. 
They are given in Fig. 1 and in Table No. 3. For the experimental 
sections, they are, in all cases, between the piezometric slits for the 
brass pipes, and between the piezometric holes for the galvanized pipes. 

Methods of Experimentation, — All pipes were laid straight, and, where 
necessary, intermediate supports were used between the hangers on 
which the whole pipe system was supported. On account of their very 
small sizes. Pipes XIV, XV and XVI were laid on a board, and held 
straight by tacks. The hangers were levelled up carefully. 

As shown in Fig. 1, there are fourteen valves to control* tlie flow in 
the various experimental lines, several of which have two different 
sizes of pipes. It will be noticed that there is in all cases a considera- 
ble length of pipe up stream from the first piezometer, or Piezometer 
A. In fact, the writers had agreed that it is desirable to have an 
entry length of approximately two hundred diameters, in order to 
allow the flow to become normal. While this allowance is ample, it 

m 

does not appear to be excessive. A length of one hundred diameters 
is, in the writers' opinion, hardly enough to allow the disturbances due 
to a curve at entry to die down fully.* 

In order to get as large a range of velocities as possible, the down- 
stream sections of Pipes VIII to XVI were removed and replaced 
again from time to time. On several occasions Pipes VI, VII, IX, 
XII and XIII were entirely removed, in order to increase the discharge 
of the larger pipes ordinarily feeding into them. 



^Transactions, Am. Soc. C. E., Vol. XL VII, p. 817. 
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TABLE No. 3.— Brass Pipe— Lengths of Sections and Diameters. — 

See Fig. 1. 



i 



II. 
iii.—i 

2 

8 

4 
5 
6 

7 

JF.-l 
2 
8 
4 
6 

V.—l 
2 
8 
4 
6 
6 

VI.-l 
2 
8 
4 
5 
6 

vn.-i 

2 
8 
4 
5 

VIII.-l 
2 
8 
4 
5 



o 
o 

O 



Entry-^ 

B-C 
C-D 
D-E 
E-F 
1^-Valve. 

Entry-^ 

A-B 

B-C 

C-D 
D-Valve. 

Entry-^ 
A-B 
B-C 
CD 
D-E 
-E-Reducer. 

Reducer--4 

A-B 

B-C 

C-D 

D-E 
-ET-Coupling. 

Reducer-u4 

A-B 

B-C 

C-D 

I>-Enlareement 

to valve. 



Entry-^ 


7.28 


A-B 


5.081 


B-C 


8.160 


C-D 


7.826 


>-Reducer. 


1.060 






57.496 
57.518 

10.08 
14.031 
14.082 
10.681 
18.066 
6.152 
6.73 

11.89 

8.164 

19.197 

17.078 

4.22 

12.15 
5.4fl0 
12.045 
12.044 
11.903 
6.52 

12.08 

12.057 

5.835 

6.184 

12.046 

2.07 

9.87 
12.079 
12.080 
12.077 

2.06 
14.47 



•o u . 

« 5 r1 



V- 



1742 



-0.12484 

0.10887 
1-0.10811 

0.06906 
J-0.08785 



[«• 



f 



06980 



0.06881 
0.06889 



0.05251 



h- 



04149 



0.04172 



P. 



IX.— 



X.- 



XL- 



XII— 



1 
2 
8 
4 

1 
2 
8 

4 

1 
2 
8 

4 

1 
2 
8 
4 
5 

XIII.—l 
2 
8 

4 

XIV.— 1 
2 
8 

4 

JTF.-l 
2 
3 
4 

XF/.-l 
2 
8 
4 



I 



Reducer-^ 

C-Valve. 

Entry--4 

A-B 

B-C 

C-Reducer. 

Entry-^ 

A-B 

B-C 

C-Reducer. 

Reducer-.4 

A-B 

B-C 

C-D 

I>- Valve. 

Reducer-.4 

A-B 

B-C 

C-Valve. 

Entry-4 

A-B 

B-C 
C-Valve. 

Entry-4 

A-B 

B-C 
C-Valve. 

Entry-^ 

A-B 

B-C 
C-Valve. 



fl 



6.06 

6.068 

10.891 

1.02 

5.61 
6.719 
10.861 
1.075 

4.96 

7.896 

10.894 

1.06 

4.44 

7.728 

2.138 

8.891 
1.04 

8.90 

8.202 

10.867 

1.02 

8.15 

7.130 

10.876 

1.02 

2.62 

9.542 

10.868 

1.02 

2.68 

9.291 

11.054 

1.02 



U CO .f_ 



\- 



08187 



0.03679 

0.02847 

[ 0.02176 
io.02209 

0.01846 

1-0.01498 

1 0.01261 
J 

}-0.00698 



The differences of pressure between the piezometers were measured 
by either mercury or water gauges, of the differential type, the pressures 
being transmitted from the piezometers to the gauge columns by heavy, 
three-ply, cotton -insertion, rubber tubing. The scales of these gauges 
are divided into double centimeters and tenths, the hundredths being 
estimated. All gauges were supplied with riders to facilitate accurate 
realing of the menisci. The mercury gauges had three columns, and 
the water gauges had either two or three columns. Any of the gauges 
could be used as two-column gauges, if desired. 

The water was discharged for measured intervals of time into a 
tank on one of three platform scales. One of these scales has a capacity 
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of 2 500 lbs., and is accurate to the nearest pound. Another has a 
capacity of 350 lbs., and is accurate to iV lb. The third is sensitive to 
xio lb. for weights not exceeding 50 lbs. The two smaller scales were 
calibrated with standard weights in the possession of the. College of 
Civil Engineering. The largest was tested by comparison. 

Thus, it was possible to secure the desired accuracy for the meas- 
urement of the discharge of the smallest of the pipes as well as the 
largest. In general, the attempt was made to secure an average 
accuracy of 1 in 500 in aU measurements, whether of weight, time or 
gauge differences. For the highest velocities, a much greater accuracy 
has been obtained, while for some of the very lowest velocities, the 
weight or gauge difference was so small as to render the result accurate 
within only about i of 1%, or, very rarely, within only 1%; but, for 
the vast majority of the experiments, it is believed that the attempted 
accuracy has been secured. 

For many of the first experiments, the time was taken from a record 
sheet of a chronograph connected to the diverting arrangements and 
to the standard clock of the Astronomical Laboratory. It was found 
that the error in using an ordinary well-regulated watch was in general 
only a small fraction of a second. In fact, by using a small reading 
glass, the ^-second beats can be seen quite distinctly on the second 
hand of the ordinary watch. Hence, for all the later runs, the time 
was taken with an ordinary watch, and it is believed that the time 
element is well within the attempted limit of accuracy. 

During the time in which the flow was being measured, the gauge 
was read from six to twenty times. When the pressure was taken from 
the attic tank the columns were quite steady, but when connected to 
the campus mains, there was considerable vibration, yet not enough 
to impair greatly the accuracy of the readings. The main pressure 
was used, generally, only for the highest velocities, and hence the 
greatest gauge differences. The gauges were tested under no-flow con- 
ditions before and after, and fi-equently during, every series of runs. 
In general, no trouble was experienced. The columns came quickly to 
a common level. This condition of affairs the writers attribute to the 
complete control of the apparatus, the excellence of hose and gauge 
connections, and the great care taken to free the whole pipe system 
from air before starting any experiment. The teinperature of the 
water for the first experiments w^as taken in the tank after the runs. 
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For these cases the temperature of the water was within 1 or 2® Fahr. , 
of the temperature of the room. For the later experiments on Pipes 
VIII to XVI, and for all the experiments on Pipes XVII to XXI (of 
galvanized iron), the temperature was taken with a thermometer 
inserted in a stuifing-box, and with its bulb well within the pipe. The 
positions of these thermometer stuffing-boxes are shown in Fig. 1. The 
temperature was taken at the beginning and at the end of each experi- 
ment, and the mean value used, the differences being small. For Pipes 
II to VII it was found that the temperature in the pipes was the same 
as that in the tank after filling, within less than half a degree. Hence, 
the latter was taken, except at low velocities, when a small jar full of 
the water was caught just before and after each run and the tempera- 
ture was read immediately. 

Methods of Reduction. — In reducing weights to velocities the weights 
per cubic foot of distilled water at the observed temperature were 
taken from a table by the late Hamilton Smith, Jr. , M. Am. Soc. C. 
E. These values are known to be correct within ^ of 1% for the water 
used in the experiments. 

In reducing observed heads on the differential water gauges a cor- 
rection is necessary on account of the weight of a column of air of a 
height equal to the observed difference and under an average pressure 
of, approximately, IJ atmospheres. This amounts to a subtraction of 
approximately one five-hundredth of the observed differences. There 
is another correction on account of the difference between the tempera- 
ture of the water in the gauge and that in the pipe, but this is very 
small, and is an uncertain amount, varying from nothing to a possible 
subtraction of one-six-hundredth of the observed difference. The cor- 
rection actually applied, to cover these two items, is a subtraction of 
one five-hundredth of the observed difference for temperatures in the 
pipe below 60° Fahr. 

For reducing observations on the mercury gauges, the ** water 
equivalent " was obtained by direct comparison. A line of levels was 
run, and the elevation of the top of the attic tank above the zeros of 
the gauges was determined accurately. One observer measured the 
level of the surface of the water in the tank, while another took read- 
ings on the gauges in the basement. Eight determinations were made, 
with as many different heights of the water surface. The ** water 
equivalent " was found to be 13.57 for mercury and water at 71^ Fahr. 
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The eight determinations agreed within ^ oil per cent. The weight of 
a column of air from the gauge to the attic was included in the calcu- 
lation. Since the temperature of the room, and hence the specific 
gravity of the mercury in the gauges, was practically constant duiing 
the course of the experiments, the observed differences were corrected 
according to the specific gravity of the water flowing in the pipe. 
Thus all heads are reduced to water at the temperature of that in the 
pipe. 

All reductions of weights to velocities, and of observed gauge dif- 
ferences to loss of head, in feet of water per 100 ft. of pipe length, have 
been checked by independent calculations. In addition, all results have 
been subjected to the test of two different methods of plotting, and 
any apparently wild cases have been recalculated. The writers have 
been pleased to find that the efforts to maintain a high degree of 
accuracy in all measurements have borne good fruit in the resulting 
indications. 

Table No. 4 gives the data for the brass pipes, and Table No. 5 
the data for the galvanized pipes. 
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TABLE No. 5.— Galvanized Pipe XVII. 



No. of Exp't. 


Loss of 

bead. 

Feet per 100. 


Temp. 
Fahr. 


Velocity, in 

feet 
per second. 


• 

Remarks. 


592 


70.89 
89.90 
54.00 
89.59 
v25.85 
13.17 

5.88 
62.46 
55.35 
28.75 
16.51 
44.19 
26.21 
44.87 
48.89 
48.67 
74.36 
78.74 
55.61 
26.82 
13.21 

7.37 


35.5'» 

85.8 

44.4 

4-2.5 

41.2 

40.9 

41.2 

85.5 

35.6 

35.6 

86.4 

59.5 

51.2 

79 

48.6 

85.6 

85.4 

85.2 

85.5 

85.2 

85.4 

85.6 


10.036 
7.498 
8.762 
7.452 
6.008 
4.229 
2.795 
9.874 
8.476 
6.340 
4.766 
7.955 
6.092 


All heads measured in 


593 


mercury. 


594 


595 


Air, 64*'. 


596 




597 




598 




599 




600 




601 




602 




620 




621 




741 

742 


8.3751 
7.818 
7.711 
10.155 
10.118 
8.860 
6.041 
4.216 
3.111 


' 




748 




744 

745 


Experimental pipe re- 
versed (Piezometer 5 up 


746 


stream) for these experi- 


747 

748 

749 


ments. 



Galvajs^ized Pipe XVIII 



681 


51.61 


632 

633 


41.11 

80.06 


634 


20.60 


635 


10.40 


686 


4.99 


687 


75.83 


638 


64.87 


689 


1 50.87 


640 


82.41 


641 


74.87 


642 


74.89 


643 


50.10 


644 


30.74 


645 


19.99 


646 


1 8.47 


737 


51.74 


738 


81.00 


739 


15.52 


740 


1 71.22 





44.6° 


9.469 


42.9 


8.321 


42.4 


7.060 


42.0 


5.708 


42.5 


3.913 


42.8 


2.618 


36.0 


11.470 


36.0 


10.554 


71.5 


9.635 


64 


7.548 


39.8 


11.427 


35.8 


11.405 


36.1 


9.159 


36.2 


7.757 


35.8 


5.513 


36.5 


3.423 


37 


9.271.1 


37.2 


7.047 1 


38.2 


4.811 r 


85.1 


10.916J 



All heads measured in 
mercury. 



Experimental pipe re- 
versed ( Piezometer B up 
stream) for these experi- 
ments. 
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TABLE No. 6— Continued.— OAJ.VAKIZED Pipe XIX. 



No. ot Exp't. 


Lou ot bead. 

Feet per 100. 


i^iSJ!" 


Valoctty 
aemnC 


1, 


»„„.. 
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Papers.] 



FLOW OF WATER IK PIPES. 



455 



TABLE No. 5 — Continued, — GaijVanizbd Pipe XXI, 



No. of Exp't. 


Loss of hftad. 
yeet per 100. 


Temp. 
Fahr. 


Velocity in 
feet per 
second. 


Remarks. 


570 


408.5 
206.1 
841.5 
257.2 
181.8 
125.6 
84.71 
58.77. 
31.68 
374.9 
311.8 
258.4 
195.3 
183.8 
84.06 
47.50 
5.97 
11.94 
26.09 
268.1 
142.6 
888.3 
816.5 
315.4 
244.5 
161.7 
77.7 


71.5° 

71.5 

68 

54 

52.2 

59.2 

67.8 

57.1 

59.8 

38.6 

88.6 

37.4 

87.4 

87.5 

38.0 

88.4 

42.6 

44.0 

47.2 

46.8 

47.8 

49.7 

46.1 

86.4 

88.9 

86.4 

89.0 


11.411 
8.009 

10.894 
8.966 
7.489 
6.219 
5.085 
4.089 
8.067 

10.768 
9.880 
8.988 
7.739 
6.894 
5.026 
8.756 
1.805 
1.856 
2.744 
9.112 
6.621 

10.992 
9.7951 
9.651 
8.464}- 
6.884 
4.78lJ 


All heads measured in 


571 


mercury. 


572.. 




678. 




674 




575 




576 




677 

678 




579 

580 




681 




582 




588 




584 




585 




686 




687 




588 




689 




890 




591 






Experimental pipe re- 


751 


versed (Piezometer B up 
stream) for these exx>en- 




758 


ments. 


734 :. 









Reduction to Standard Temperatures. 

Brass Pipes, — After a few experiments had been made on each pipe, 

a preliminary logarithmic plotting of the results showed that for each 

of the fifteen brass pipes the loss of head varied very nearly as the 

1.75 power of the velocity. Advantage was taken of this fact to bring 

the results to chosen standard temperatures. Plates XXXVIH and 

XXXIX were drawn, using heads in feet per 100 ft. as ordinates and 

the values of V^'^° as abscissas. For any particular pipe on these 

plates, it will be noticed that there is a gradual increase in the ordinate 

as the temperature of the water drops, and that points of about the 

same temperature lie approximately on a straight line. Such lines 

were drawn for standard temperatures of 70, 55 and 40^ Fahr. The 

difference in ordinates between two lines, divided by the ordinate, 

gives the ratio or percentage of increase or decrease in the loss of 

head for a change of temperature of 15 degrees. The percentage is 

always less for 40° than for 55^, as the ordinate itself is greater. In 

those cases in which the distances between the lines were diflferent, 

thus resulting in two different percentages at 55^, the average of these 
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two percentages was taken. The three percentages reduced 
centages per IQo, instead of 15°, were then plotted as ordinate 
.temperatures as abscissas, and a smooth curve was drawn throi 
three points. The percentage correction per 10° for any o' 
temperature was read from these curves. The diagram used is 
in Fig. 3, in which it will be seen that for all pipes the correctio] 
is about 4 per cent. Another diagram was therefore.constructc 
which the 4:% corrections of the different heads for any temp 
interval could be read, and the correction desired was then o 
by the slide-rule. 

PERCENTAQES PER 10 DEGREES USED IN BRINQINQ OBSERVED RESULT 
TO STANDARD TEMPERATURES 70," SS** AND 40f 




40 



50° 60° 

Temperature of ob^nration. 

Fig. 3. 



70' 



In Fig. 3 it will be noticed that for some pipes the per* 
curves slope downward for increasing temperatures, and foj 
pipes there is an opposite tendency. While it is not to be mail 
that these corrections are accurate, it is believed that they are 
within several tenths of 1 per cent. If this is true, a profile i 
Fig. 3, at 70°, 55^ or 40^, made by taking the percentages and p 
them with respect to the pipe diameters, gives indications of a 8 
relation between the temperature effects and the diameters 
evidence, however, is not conclusive enough to justify the sta 
that this is a fact. 

Aside from errors in judgment in drawing the lines on 
XXXVIII and XXXIX, there is at least one way in which small 
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two percentages was taken. The three percentages reduced to pei 
centages per 10°, instead of 15°, were then plotted as ordinates, "wit 
temperatures as abscissas, and a smooth curve was drawn through th 
three points. The percentage correction per 10° for any obsenre 
temperature was read from these curves. The diagram used is show: 
in Fig. 3, in which it will be seen that for all pipes the correction facto 
is about 4 per cent. Another diagram was therefore.constructed, froi 
which the 4:% corrections of the different heads for any temperatni 
interval could be read, and the correction desired was then obtained 
by the slide-rule. 

PERCENTAQES PER 10 DEGREES USED IN BRINQINQ OBSERVED RESULTS 
TO STANDARD TEMPERATURES 70," 55° AND 40f 




40 



50° 60° 

Temperature of ob^nration. 

Fig. 3. 



70" 



In Fig. 3 it will be noticed that for some pipes the percentag 

curves slope downward for increasing temperatures, and for othis( 

pipes there is an opposite tendency. While it is not to be maintaind 

that these corrections are accurate, it is believed that they are oorrei 

within several tenths of 1 per cent. If this is true, a profile view i 

Fig. 3, at 70°, 55° or 40^*, made by taking the percentages and plottiB| 

them with respect to the pipe diameters, gives indications of a sinuoi| 

■c 
relation between the temperature effects and the diameters. TM 

evidence, however, is not conclusive enough to justify the statemeiE 

that this is a fact. 

Aside from errors in judgment in drawing the lines on Plat* 

XXXVni and XXXIX, there is at least one way in which small erro* 



458 FLOW OF WATER IN PIPES. [Papers. 

for 10^ diflference in temperature, showed themselves to be in error. 
More consistent reduction factors were obtained by using large-scale 
logarithmic paper for a preliminary plotting. Upon Pipes XVII and 
XXI very little evidence of temperature effect could be found, and 
the results were not corrected. For Pipe XIX 1.6% for 10° was 
found to apply; and for Pipe XX 1.25^ was used. For Pipe XVIII 
the results were changed by 6% in the neighborhood of 40®, but, from 
all appearances, this would be too large in the vicinity of 70 degrees. 
Pipe XVIIIf however, seems to be exceptional, in several respects. 

Logarithmic Plotting of Results. — After being brought to the standard 
temperatures the results were plotted on regular, 10-in. base, logarith- 
mic, cross-section paper,* plotting losses of head as ordinates and 
velocities as abscissas. The use of such paper is now so common that 
no explanation is considered necessary. 

This plotting is shown in Plate XL, which contains the results for 
both brass and galvanized pipes, plotted, however, for different 
origins. For the brass pipes, lines are drawn for the three standard 
temperatures, but for only one experimental section on each pipe, in 
order to avoid confusion. 

Close inspection will show that in some instances the points do not 
lie exactly on the line. In such cases investigation was made to see if 
the reason existed in an error in the temperature reduction factor, but 
it was found that the differences were due to other causes. Some- 
times the results obtained by mercury readings were slightly different 
from those taken in water. Altogether, however, the lines fit the 
points very well. Attention may be called here to the great uniform- 
ity in slope for the brass pipes. 

Table No. 6 gives the values of m and n, as determined from the 
logarithmic plotting. In cases, however, where the points do not lie 
exactly on a straight line, or where, as in Pipe XVI at 40^, the points 
which determine the line are few in number, and for high velocities, 
there is usually a little uncertainty in drawing the line. In this way, 
small variations in m may be brought about, but when it is consid- 
ered that there is a corresponding change in 7i, it will be seen that the 
two values taken together will represent the conditions quite accu- — 
rately. 



* The writers were supplied with this paper by John R. Freeman, M. A.m. Soc. C. S. 
whose generosity and kindly interest they desire to acknowledge. 
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In Table No. 6 there will also be fonnd the values of m, as taken 
from Plates XXX V ill and XXXIX on which the points were plotted 
with heads as ordinates and the values of F^*^^ as abscissas. The 
slopes of the lines drawn must give the values of m corresponding to 
the power, 1.75, of the velocity. Upon comparing these values of m 
with those obtained from the logarithmic plotting, it is seen that they 
check quite well. These values of m are greater or less than the val- 
ues determined logarithmically, accordingly as 1.75 is greater or less 
than the true n. Taken altogether, with these values of m, and 
n = 1.75, we can represent closely the whole series of experiments. 

The method of least squares could also be applied in getting the 
values of m and n. This was tried in the case of Pipe //, and gave a 
close check upon the values taken from the logarithmic sheet. The 
method of least squares, however, is not as convenient, and does not 
expose the errors which may occur. 

The differences in results for two sections of the same pipe do not 
seem to be accounted for through differences in diameter, except in 
Pipes VI, VIII and XII, where differences were known to exist and 
were allowed for in the calculations. In the other pipes small differ- 
ences in resistance are noted, but must be accounted for otherwise. 
As first used, the two experimental sections of Pipe X V showed very 
discordant results, as the table and the logarithmic plotting show. 
After being cleaned by drawing waste cotton through, the results 
were more consistent. During the cleaning a small scale of brass was 
drawn out, and it seems very probable that the small differences noted 
in other pipes may be due to similar causes. 

Table No. 7 gives the values of m and n for the galvanized pipes. 
As shown by the logarithmic plotting. Pipe XVIII seems to be an ex- 
ceptional pipe. Even though of smaller diameter than Pipe XVII 
the losses of head, for velocities above 2.4 ft. per second, are lower 
than in Pipe XVII for the same velocity. It will be remembered, also, 
that Pipe XVIII is the one which showed high temperature effects in 
the neighborhood of 40^, and that it is the only one of the galvanized 
pipes which had been in use before the experiments. A slight, silt- 
like deposit which had occurred on the inner walls was entirely insuf- 
ficient to relieve the roughness. Although the galvanized pipes do 
not seem to give such consistent results as the brass pipes, the experi- 
ments were made with the same care. 
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TABLE No. 7. 

Galvanized Pipes XVII to XXI, Inclusive. Values of m and n (m 

FOR Heads in Feet per 100). 



Pipe. 


Temp. Fahr. 


m. 

■ 


n. 


XVII. 




0.820 

0.906 

1.820 

1.74 

1.81 

3.52 


1.981 


xvin. 


40° 
40 
70 
40 


1.802 


JTIX. 


1.863 


XX. 


1.906 


xjri 


1.910 
1.961 









Critical Velocity. 

One of the most interesting features of Plate XL, Fig. 1, is the evi- 
dence regarding critical velocity. As might be expected, this phe- 
nomenon is most prominent on Pipe XVI, where the peculiar effects 
are evident at relatively high velocities. For low velocities, up to 2.5 
ft. per second, the slope is 1, showing that the loss of head is directly 
proportional to the velocity. Above a velocity of 3.5 ft. the slope is 
about 1.78. Between these velocities there is a region where the slope 
gradually changes and reaches a value considerably greater than 2» 
The cause, as Osborne Beynolds, F. K. S. , has shown* is a change in . 
the conditions of flow. 

The effect of temperature on the point at which the change takes 
place is well shown by Pipe XVI, and also in Fig. 4, which has been 

prepared from the observations of Hagen.f For these experiments 

V^ 
0.5 K— was allowed for head lost at entrance (square-edged). This 

may not be quite correct. The pipes were short, being 1.55, 3.57 and 
3.42 ft. long, for the small, medium and larger sized pipes, respec- 
tively. Any other allowance for entry would not change the relative 
position of the lines to any great extent. The figure has been in- 
troduced to show the effect of temperature in the critical- velocity re- - 
gion, particularly for greater temperatures than the writers could 
obtain, and also to verify the indications of the present experiments. : 
The principal point to be brought out is that the change takes place 
at higher velocities for lower temperatures. J The change to the power 

* Proceedings, Royal Society, Vol. 85, 1883. ' 

t " Abhandlungen der Berliner Akademie,'' 1854. ^ 

t Some recent experiments substantiating this very point came to the writer's notice 
after this paper had oeen written. They are'by Messrs. E. J. Coker and S. B. dementia 
and a record of them appeared in the Transactions of the Royal Society, Series A, Vol, . 
201, pp. 45-61. A single brass pipe, 0.8779 in. in diameter and 6 ft. long, was used. The. 
expenments, also, check closely the temperature factor obtained by the writer's for 
ordinary, or " eddy motion," flow. The raQge of temperatures was from 4 to SO* Cent.« 
or 89 to 122° Fahr. The interesting point is made that the intersections of the lines for 
ordinary and for " stream line " flow vary as the viscosity of the water. 
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1.75, takes place on Pipe XVI at a velocity of 3.5 ft. at 70^ 
about) 5 ft. for 40^. Particular attention is also called to the ( 
of the lines, and to the fact that where the loss is proportions 
first power of the velocity the difference in head for any certain 
ature interval is many times greater than where the loss is prop- 
to the 1.75 power of the velocity. For Pipe XVI a, line is alsoo 
for 75 degrees. In some pipes, Pipe IX for example, where t 
tions show very slight differences under regular conditions of f 
differences are magnified below the critical velocity. 

The interesting question, however, in connection with the 
velocity, is whether it is an element to be considered for the v< 
and pipe diameters used in practice. On the basis of the expe 
on brass pipe, and assuming that there is a continuity of law wl 
tended to diameters greater than those experimented upon, it 
tion may be given an approximate answer. The question i 
the determination of the relation between the pipe diame 
the velocity at which the power of the velocity ceases to be 1.7J 

On Plate XL the points for Pipes XVI, XV, XIII, IX se 
may be determined fairly well for the experiments at approxini 
degrees. In addition to these points, the writers have also 
dence of experiments at very low velocities on Pipe //. Th€ 
made early in 1901, in connection with another study in hyc 
The heads were measured first with water and later with oiL 
The region of critical velocity was explored thoroughly, 
dence of the phenomenon was found in the first 68 ft. of pir 
stream from the 5in. pipe. For this section the ordinary fLi 
tion seemed to hold, down to velocities as low as 0.25 ft. peir 
But, in the succeeding length, corresponding to Section -4-S 
present experiments, the gauges showed a decidedly unstable ^ 
of flow from 0.55 ft. per second down to about 0.35 ft. per seou 
temperature of the water for these experiments was about 40 £ 

The critical-velocity points seem to lie approximately on i^ 

line. Such a line was drawn, and the intersections with the— 

of slope, 1.75, were marked. The velocities thus determined *•- 

plotted logarithmically, with respect to the diameters, and ^ 

plotting the law for impending critical velocity at 70^ de-^ 

088 
pears to be V = '^^g ^. This expression, being only roughly 
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mate, may be replaced by F== ^'.-^ (d,in feet). For 40^ there are 
only two points, namely, Pipes XVI and II, but these indicate the law 
expressed by F ^ 



(/« 



.75 



The older series of experiments do not include many with velocities 
below 1 ft. per second, and the critical velocity, therefore, is not easily 
determined. They seem to indicate, however, that the velocities at 
which ordinary conditions are established are somewhat lower than 
those given by the foregoing formula. However, it is seen from the 
formula that the change in condition takes place at very low velocities 
for ordinary sizes of pipe. Moreover, as appears from Pipe //, it 
seems that, for large sizes, a long length of straight pipe is neces- 
sary to allow the below-critical-velocity flow to adjust itself. 

The formula given determines only the limiting point for the use 
of the power, 1.75. The lower points, where the loss ceases to be 
directly proportional to the velocity, are approximately on the same 
line that was drawn in the other case, but the intersections must now 

he taken with the lines of slope 1. The law seems to be about 

0.045 
^= J0.8 5 - ^^^ \2LW, however, is not of as much interest as the one 

applying to the upper points. 

It seems that the question of critical velocity, while of considerable 
scientific interest, is of no practical importance to the engineer; but 
space has been given to its consideration on account of the fact that 
many scientists have been led astray in attempting to apply experi- 
mental data from very small pipes to pipes used by the engineer, 
simply because the change in the manner of flow was not understood. 

EXPEBIMEXTS ON SMAIilj BUBBEB HoSE. 

It had been planned to perform a considerable variety of experi- 
ments on small hose, especially as regards the effect of curvature 
on the loss of head. Unfortunately, there was not enough time to 
follow out by a more extended experimental study the interesting and 
surprising results obtained. 

The hose were fed from the bottom of the large drum, 1.135 ft. 
internal diameter and 2.167 ft. long, at the up-stream end of the 5-in. 
brass pipe. A bushing, a 1-in. short vertical nipple, a 1-in. reducer- 
elbow, a f-in. short nipple, a J-in. disc valve, and bushings into which 
the connecting nipples of the hose screwed, were the fittings, in their 
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respective order. The valve was wide open dnring the experiments, 
the pressure being regulated by a 2-in. valve on the pipe leading into 
the drum. An air-chamber was attached to the top of the drum, and 
from this a connecting hose led to a two-column mercury gauge, one 
arm of which was open to the air. In all the experiments the hose 
were allowed to drop to the floor (about 6 ft. below the bottom 
of the drum) and laid straight (curve experiments excepted, of course) 
along it, except for an easy return curve of about 3 ft. diameter and a 
slow rise to the sharp downward curve at the discharge end. Thus 
the entry and discharge conditions were alike in all experiments. The 
level of the discharge end, with respect to the gauge scale, was deter- 
mined. An extreme variation of 0. 1 ft. might have occurred. 

In Experiments Nos. 655 to 658 the hose was laid on a board and held 
in position in a horizontal plane by means of nails. The loops oc- 
curred at the ends of the board where the hose returned on itself. 
Except at the ends, the curves were semicircles alternating in direction 
of curvature, the radius being the same as when the hose was wound 
on the cylindrical drum. 

The hose used were of three-ply, cotton-insertion, rubber tubing 
with smooth interior surfaces. The inside rubber lining was very 
heavy. 

It has been the established idea that reversal of curvature intro- 
duces about twice as much loss of head as the same amount of con- 
tinuous curvature, the length of pipe being the same in the two cases. 
The experiments on Hose A contradict this so flatly that it can only 
be concluded that there is something radically wrong with the 
hypothesis underlying the accepted notion. The small size of the 
hose might be regarded as a bar to the serious consideration of the 
results, but the experiments of John R. Freeman, M. Am. Soc. C. E. , 
on 2.49-in. hose^ are somewhat confirmatory. Mr. Freeman found 
that a full circle of 2 ft. radius (9.65 diameters) gave practically the 
same excess loss over straight hose as that given by four quadrants 
of the same radius, but introducing two reversals of curvature. In 
figures, the full circle gave 5J% less excess loss. 

In the curvature experiments on Hose A^ the data of which are 
given in Table No. 8, the radius of curvature was 2ii ins. , or nearly 
eight diameters. The amount of curvature was purposely made 
large so that the effects might show up in no uncertain manner. 

* Transactions, Am. Soc. C. E., Vol. XXI. 
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The most surprising result was, that, although each series showed 
a most decided effect on the loss of head and the discharge, the value 
of n, in the formula H=: m V'^, remained practically constant, the 
large changes being in the value of m, (There is a small increase for 
the case of reversed curvature.) Should this result be confirmed by 
further experiments along this line, it will have an important beajing 
on the subject of the nature of the resistances which cause loss of 
head in a pipe. For it would ajppear that the value of the exponent, n, 
is determined solely by the nature of the inner surface of the pipe, 
while m depends on the distribution of the velocities throughout the 
cross-section, and on the temperature. • 

The fact that the reversed curves caused only about half as much 
increase of resistance as the continuous curves is certainly something 
to think about. It is to be hoped that further and more elaborate 
experimentation may bring out the laws which govern the resistances 
in various cases of flow in curves. It may not be out of place to 
suggest the bearing of such studies, not only on sinuous supply 
mains, but also on the flow in turbine wheels. 

The results of the experiments on the hose when laid with easy 
curves and tangents are of interest in their relation to the results of 
the brass and galvanized pipes. The values of m and ?i, as obtained 

from a logarithmic plotting, are as follows: 

m, in feet 
Hose. Diameter. per 100 ft. n. 

A 0.370in 2.24 1.78 

B 0.519 ** 1.82 1.82 

5, 0.504 ** 1.32 1.91 

C 0.254 ** 4.2 1.81 

The experiments on B^ were made with high velocities (7 to 22 ft. 
per second), and it is probable that the usual allowance for entry loss 
is insufficient, the velocities in the J-in. fittings being considerable. 
The high value of n and the low value of m bear out this statement. 
Hose B is free from this objection. 

Especial attention is called to the low values of n for Hose A, B 
and G. 

EXPEBIMENTS ON EnTRY LoSS. 

The writers made some experiments to investigate the commonly 
accepted value for loss of head due to a square-edged entry. The 
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experiments were made on Pipes 7/ and X. For Pipe i/thecycloidal 
monthpiece at the jnnction of the 5 -in. brass pipe was replaced bj a 
specially turned brass bnshing with a plain inside face. The. opening 
in this is 2.096 ins. in diameter, the same as Piezometers A and B. 
Section A- B of Pipe II was moved np stream next to the 5-in. pipe, 
and Piezometer A was inserted between the first two pipe lengths of 
the section. The slight ridge where the pipe was screwed np against 
a shonlder in the bnshing was smoothed down. The entry length of 
Pipe X, likewise, was screwed into a brabs bnshing, giving a sqnare- 
edged entry. An air-chamber was snbstitnted for the end air-cock on 
top of the header, and the pressure was taken from this. The diameter 
of the header (2 J ins.) is so large, relatively to Pipe X, that practically 
static conditions prevailed. For Pipe II, however, the effect of the 
small velocity in the 5-in. pipe on the up-stream piezometer has been 
considered. 

The results are given in Table No. 9 . It will be seen that the 

values for Pipe // check fairly the accepted value, 0.5 ^— . Pipe X, 

however, gives lower indications, the values seeming to average 

about 7 — . These results indicate the possibility of a higher value 

than 0.5 ^r— for pipes of commercial size. 
2g 

Extent of Entry Distubbances in Succeeding Tangent. 

The experiments on Pipe II seem to show that the piezometric 
effects of a square-edged contraction do not extend 78 diameters 
down stream. Section A-B gives normal results. In Pipe X, on 
the other hand, Experiments 666 to 670 show that 43 diameters are 
not sufficient, for both the high results for entry loss and the low 
results for the loss in Section A-B show that Piezometer A was in 
the abnormal-flow region. With these results the evidence obtained 
by the writers on the effects of curves* should be compared. 

Practicaij Deductions. 

The engineer will ask: ** Of what use are refined laboratory experi- 
ments on pipes with conditions never met in practice?" Waiving the 
answer, for the present, let us examine the evidence to be had on the 
general subject of the flow of water in pipes. 

* Transactions, Am. Soc. C. E., Vol. XL VII, p. 817. 
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Wherever possible, the original records of experimental data have 
been consulted. By the method of logarithmic plotting of losses of 
head with velocities, some 150 series of experiments have been inves- 
tigated, and the values of m and n determined. The writers early 
came upon the necessity of either considering ail the evidence, or else 
of running the risk of making errors in judgment and perhaps of 
allowing partiality more play than desirable in such a study. 

In the preliminary plotting, all experiments which had been inves- 
tigated were considered. In the final plotting many are left out. 
But the writers can state conscientiously that the conclusions are not 
altered thereby. The experiments omitted from the plotting are 
mostly old German and English experiments, the exact conditions 
and methods of measurement being generally unknown. If they were 
included (and the writers were sorely tempted to do so on account of 
the indications of most of them) they could not be given much weight, 
no matter what the indications, on account of this uncertainty. 

Considering now the general subject, there is presented on Plate 
XLI a logarithmic plotting of the values of m (as determined from 
plottings of each series of experiments), with the diameters of the 
pipes. It will be noticed that the values of n are marked near the 
points. These serve as descriptions of the nature of the pipe, from 
the experimental standpoint. In addition to this, the material is also 
indicated. This latter is the engineer's description, and is usually 
far from complete, but, with the assistance of the knowledge of the 
value of 71, the indications can be discussed more rationally. 

It will be seen that the range of pipe diameters varies from -iV in. 
to 12 ft. A very casual examination will show that all the points lie 
in a comparatively narrow zone and hence indicate some exponential 
relation. 

First of all, the line best fitting the points for the writers' brass 
pipes has been drawn. On account of the very considerable efiect of 
temperature on the value of m, the middle points, for 55°, have been 
used. There are plotted, also, the points for 40° and 70°, but these 
are not used, except to convey to the eye the magnitude of tempera- 
ture efiect. 

The variations in the value of n for the seamless-drawn brass pipes 
(all apparently of the same degree of roughness), have been noted. 
Hence, corresponding indications due to the values of m are to be 
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expected, and the variations from the line which has been drawn i^ 
seen on Plate XLI. 

One feature will be noticed at once. The line for the brass pi; 
forms the lower limit of the zone in which all the plotted points 
This is another way of stating that these pipes represent the extreif 
of smoothness and ideal conditions. The equation of this line, n^ 

lecting the third place of decimals in the exponent, is i 

0.296 I 

7n = , 1 Oft i 

in which m is in feet per 1 COO ft., and d is in feet. Placing this va| 

in the general expression, H = m V^, and using the average Talne/ 

n, there results 

^^,296_ ,, • •; 

in which ^is in feet per 1 000 ft., and rf is in ft. This expressil^ 
then, gives the loss of head for extremely smooth pipes laid strai||) 
But this is not all. There occur maximum variations in tlie valui^ 
m of approximately 1% each way from the line of this equatiN 
Hence, it is seen that this variation must be taken into accaV 
There is also an effect due to the variation in w, and this may beo<li 
considerable for high velocities. It is not as prominent a factoS 
the smooth brass pipes as in pipes used in practice, but it is poizd 
out as something to be borne in mind. The writers might wislmj 
many hydraulic engineers have wished, that there was less uncertanj 
in designing pipe systems, but, since it exists, its probable exi^ 
should be made an integral part of any formula. Therefore, concemj 
smooth brass pipes, under nearly ideal conditions, it becomes necesflU 
to write, for the general expression, ' 

0.296 ^1.75 ± 79fC 

"'"'"* Looking at this, and remembering the long months of monotoim^ 

^ •> w w ^ 

experimentation, the care taken to have everything accurate, 
temperature factor, which alone may cause a variation as large as t* 
given above, the writers feel that it nevertheless represents a stefl 
advance; for while it does not tend to make hydraulic science M 
more exact, it at least helps to make it safer in application. 

Modifying the above formula, there is obtained the expression 

F==104s°-5' d""'' ±4.%; 
or, using the ** hydraulic mean radius," 

V=219s^''' R^-'"- ±4%. 
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In these last expressions s is the hydraulic slope, in feet per foot 
of length. In these expressions temperature effect has not been in- 
cluded. As has been stated, the effect is to vary the loss of head about 
4% for a change of 10° Fahr. Owing, however, to the uncertainty 
regarding the effect on the rougher pipes used in practice, the writers 
feel that its insertion might be misleading. 

Commercial Pipes. — Considering now the kinds of pipes used in 
practice, the writers desire, first of all, to call attention again to the 
indications of their experiments on galvanized- iron pipes. It is seen 
that, not only is there a variation in the exponent, n, from 1.80 to 1.96, 
but that Pipe XVIII, although having but two-thirds the internal 
sectional area of Pipe XVII, nevertheless, has a decidedly greater dis- 
charging capacity per unit of sectional area, or, in other words, offers 
less resistance to the flow, for the same velocity. Nevertheless, to the 
eye, all the pipes appear to be of the same degree of roughness. 
These two facts throw a strong illumination on the hitherto unac- 
countable variations in the results of standard experiments. 

Although Darcy's experiments showed clearly the effect of varia- 
tions in roughness which were easily perceptible, and which could 
be described so as to be recognized by ordinary inspection, yet the 
hydraulic literature of the past decade or two bears out the statement 
that the extent of the effects of variations in character of surface 
which practically defy detection have not been appreciated. Other- 
wise, how can we account for statements by well-known engineers that 
certain formulas will give results within 2 or S% of the truth? 

Turning again to the general plotting on Plate XLI, we have to 
consider the experiments which lie in the zone, one of the limits of 
which is the line already discussed. Attention should be called to 
the fact that some of the series of experiments do not show much 
harmony in the indications, and that, therefore, it is a matter of judg- 
ment just where to draw the line on the logarithmic plotting of the 
losses of head and velocities. Hence, the values of m and 7i have the 
effects of the personal equation. But the two values, taken together, 
represent, as well as may be, the conditions in the range of the series 
under investigation. 

It will be seen that the variations in the value of the exponent, w, 
are greater than the variations found by the writers for the galvanized 
pipes. Outside of the heavily tuberculated and riveted pipes, this 
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variation is from 1.74 to 2.00. The exponents given for the series by 
Herschel and by Darcy represent fairly the point which has been 
made. The values of m and n for the 30-in. pipe of Williams, Hubbell 
and Fenkell have been furnished to the writers by Professor Williams. 
They are the result of a plotting of the original data, on their own 
merits. * 

It will be seen that a line parallel to the one already drawn will 
represent fairly the other limit of the zone. The experiments which 
determine this line are those by Darcy on tuberculated, cast-iron pipe, 
and some of those by Herschel and some by Marx, Wing and Hoskins 
on riveted-steel pipe. Noble's 44-in. wood-stave pipe also comes close 

fiftT 
to this line. The equation is m = • /rrTs"- ^^ ^^^ *^® general equa- 
tion, we have a variation in the value of n from 1.67 to 1.99. The value, 
1.67, from Herschers 36-in. pipe, is lower than anything else on the 
plate. The writers consider that this value is questionable, although 
it is what the series of experiments gave.f Hence, the variation in n 
will be considered as from 1.82 to 1.99, and the general formula 
becomes 

2i??I 171.82 to 1.9» 

^- ^1.25 

in which ^is in feet per 1 000 ft., and d is in feet. Converting this 
into the other form, there appears 

V= 54.7 to 38.9 s" -^^ to o.so ^o.eo to o.ea^ 

Using the hydraulic radius, this becomes 

Y =. 142 to93s^*^*^®**"r o.egtoo.es 

The two sets of equations thus far given, then, may be regarded as 
giving the two extremes, the first for very smooth pipes laid very 
straight, and the second for a considerable degree of tuberculation (or 
an inner surface comparable to it). 

But neither one of these formulas represents the great majority of 
cases which confront the hydraulic engineer. These latter are included 
in the zone bounded by the full line and the middle line on Plate XLI. 
The values of n varv from 1. 74 to 2. 00. The equation is m = ^-^^^-QQ-^^O 
and the general expression becomes 

^ 0.296 to 0.469 ^, ,, , , „ 

H — Tri.74 to S.OO 

^ ^ 1 .2 5 ^ 



* Not as described in JYansactions, Am. Soc. C. E., Vol. XLVII, pp. 118 and 184 
t Mr. Herschel, tiimself, questions the reliability of seven out of eight experimc 



experiments. 
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In the second form, this gives 

F=107to46.s°-'*' *o «>•''" rr-^2 to 0.02^ 
or 

F = 289tO 109 S« -0 7 to 0.5 ^ 0.7 2 to 0.62 

This last series of equations may be said to represent the range of 
results which the best modern experimenters have obtained on actual 
pipe lines in service or ready for service. The range of values iR 
large, but the writers do not desire to narrow the analysis any more^ 
at present. Their purpose will have been accomplished if this paper 
serves to bring out some of the factors which have been neglected 01- 
not fully appreciated in the past. Above all, it is hoped that a vigor- 
ous discussion, in the true scientific spirit, may result, and that less 
of personality and more of the truth may appear than is wont to be 
the case. 

The experiments, the data of which are given in tiiis paper, were performed between 
F^ruarv IMth, 1903, and February 25th, 1903. Experiments Nos. zB to 771 were performed 
after July 10th, 1908. Earlier preliminary experiments, during 1901, are noted in the 
paper. 

The original notes and the data tabulated from them are on file in the Hydraulic 
Laborato^ of the College of Civil Engineering of Cornell University, where they are 
available lor examination at any time. 
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APPENDIX. 



Discussion of Theories. 

The ^\Tite^s do not venture, at present, to give any hypothesis 
showing why the exponent for smooth pipes should be 1.75. They 
merely give it as an experimental fact. 

There has been an attempt, how^ever, to explain the matter by say- 
ing that the resistance is really composed of two parts, one due to the 
true friction on the pipe wall, and depending on the first power of the 
velocity, and the other due to the impacts of the particles on each 
other and depending on the square of the velocity. The theory states 
that the composition of these two parts will be equivalent to one term 
with the power, 1.75. The formula which expresses this idea is 
Hf. = xV -\- 7/F^, X and y being coefiicients, the values of which are to 
be determined. Since this formula (or its many modifications) has 
been used extensively, and since it expresses the idea put forth above, 
the writers have investigated it, to see, if in this form or in any of its 
modified forms, it can be made to represent accurately a series of 
experimental results. 

In order to determine the values of the coeflBcients x and y, at least 
two methods have been in vogue. The first — the method of least 
squares — is allowable only on condition that the coefficients are proved 
to be constants, otherwise the formula derived and its limits of error 
apply only to those experiments which are used, and its application 
may be limited. The second method — a graphical one — is for this 
reason more general, but in most cases in which it has been applied it 
has not been carried to completion. It consists in obtaining first a 
series of equations in x and ?/ by substituting the observed values of 
Hj. and V. These equations may be represented by straight lines, and, 
if X and ?/ are constants, all these lines should pass through one point 
the cor)rdinates of which are the desired values. Ordinarily, however, 
it is said that the lines will not pass through a point, but will enclose 
a small area, and in such a case the coordinates of the center of gravity 
of the area are the values of x and //. This method has been applied 
by the writers to a number of series of experiments, and in no case, if 
a suitable scale was used, did the lines pass through a point or enclose 
an area. In every case the lines formed a series of tangents to a 
regular curve similar to one branch of a hyperbola, and to which the 
axes were apparently asymptotic. This showed clearly that x and y, 
instead of being constants, were really functions of V, Further in- 
vestigation also showed that x and ?/ were always such functions of V 
that the final result was that obtained by a direct logarithmic plotting. 
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For example, if the logarithmic plotting leads to H^ = m F^-^', this 
method leads to H^ = x V + 1/ V^ = (a F «-^*) V -{- (b V-^'^*>) F^ = 
(a + b) V^''^\ If it is admitted that H^ = m F*-^* represents 
accurately the relation, it can also be proved mathematically 
that any attempt to express the relation in two terms will lead 
to variable coefficients and finally result in the same way as shown 
above. 

A more general expression, 5^= a V+b F^ + c, is sometimes used. 
It can be shown, also, that a, b and c will be functions of F. In a 
number of cases where this form has been used, negative values of c 
have resulted when a, b and c have been found by least squares. These, 
surely, are not easily interpreted. 

The foregoing investigation shows that the explanation given for the 
presence of the exponent, 1.75, and which is expressed by the Prony 
formula, ffj. = x V -{- 1/ F^ by those who hold to this idea, is question- 
able. It also shows that all formulas which involve F^ in any way will 
also involve in general a coefficient depending on F. The exception 
consists in the fact that a very few experiments on pipes do show an 

exponent of 2. As is readily seen, we thus account for the variables 

I y2 

/"and c in the familiar formulas, H^ ^f~^r -tt- and F = Cvr s. Of all 

a 2 g ' ^ 

the forms yet advanced, the only one which will represent the condi- 
tions at all accurately is the one the writers have adopted, IIf = m F**, 
and n is to be determined for each series of experiments. It will be 
seen, of course, that the formula, V= C r"^ s'\ is merely a modification 
oi Hf=z m F^, m being dependent on d. 

The writers, for a time, had the idea that the reason for the exponent 
of F being different from 2 might lie in not distinguishing between 
the square of the mean velocity and the sum of the squares of the indi- 
vidual velocities throughout the cross-section of the pipe. (They 
fully recognized, however, the fact that the idea of flow in parallel 
filaments is merely a theoretical convenience.) They therefore have 
investigated the question as to what power of F^ will give the same 

result as ^- The supposition that the velocity curve is an ellipse, 

led to results which indicated that their view was correct. The ex- 
ponent of F^ had a value of 2 for a velocity of 8 ft. per second and 
decreased for lower velocities. For a velocity of 1 ft. per second, many 
peculiarities in the values of the exponent were shown similar to those 
which the present experiments show in the critical -velocity transition 
stage. However, the best test of theory is experiment, and when a 
series of Pitot tube traverses was investigated, there was found the 

experimental fact that the relation, F^" = ?r- , holds almost exactly 

in every case. While proving that the proposed explanation was 



